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Abstract: Seawater greenhouse (SWGH) is a technology established to overcome issues related to open 
field cultivation in arid areas, such as the high ambient temperature and the shortage of freshwater. It adopts 
the humidification-dehumidification concept where evaporated moisture from a saline water source is 
condensed to produce freshwater within the greenhouse body. Various condenser designs are adopted to 
increase freshwater production in order to meet the irrigation demand. The aim of this study was to 
experimentally investigate the practicality of using the packed-type direct contact condenser in the SWGH 
to produce more freshwater at low costs, simple design and high efficiency, and to explore the impact of 
the manipulating six operational variables (inlet air temperature of the humidifier, air mass flowrate of the 
humidifier, inlet water temperature of the humidifier, water mass flowrate of the humidifier, inlet water 
temperature of the dehumidifier and water mass flowrate of the dehumidifier) on freshwater condensation 
rate. For this purpose, a direct contact condenser was designed and manufactured. Sixty-four full factorial 
experiments were conducted to study the effect of the six operational variables. Each variable was operated 
at two levels (high and low flowrate), and each experiment lasted for 10 min and followed by a 30-min 
waiting time. Results showed that freshwater production varied between 0.257 and 2.590 L for every 10 min. 
When using Minitab statistical software to investigate the significant variables that contributed to the 
maximum freshwater production, it was found that the inlet air temperature of the humidifier had the 
greatest influence, followed by the inlet water temperature of the humidifier; the former had a negative 
impact while the latter had a positive impact on freshwater production. The response optimizer tool revealed 
that the optimal combination of variables contributed to maximize freshwater production when all variables 
were in the high mode and the inlet air temperature of the humidifier was in the low mode. The comparison 
between the old plastic condenser and the new proposed direct contact condenser showed that the latter 
can produce 75.9 times more freshwater at the same condenser volume. 


Keywords: seawater greenhouse; humidification-dehumidification; direct contact condenser; freshwater production; 
water desalination 


1 Introduction 


Seawater greenhouse (SWGH) is an engineering technology modified to tackle the challenges 
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associated with the open field cultivation as it creates a favorable condition for plant growth in 
addition to refining its own freshwater for irrigation purposes (Ghaffour et al., 2011; Al-Ismaili et 
al., 2012). The SWGH can be used in hot and dry places with poor water quality, such as oil-field 
water, saline ground or surface water, and seawater (Davies and Charlie, 2004). The SWGH (Fig. 
1) is a desalination unit that adopts humidification-dehumidification (HDH) approach and mimics 
the hydrological cycle where the evaporated water from the saline water source can be collected as 
freshwater after being condensed (Bourouni et al., 2001; Zurigat et al., 2008). 


Shade area 


Fig.1 Schematic diagram of the seawater greenhouse (SWGH). 1, first evaporative cooler; 2, second evaporative 
cooler; 3, condenser; 4, solar heater; 5, fan; 6, saline groundwater well; 7, freshwater tank. Red arrows, hot water 
cycle; blue arrows, cold water cycle. 


In 2004, a prototype of the SWGH was built in Oman over an area of 720 m?. The SWGH is 
composed of two evaporative coolers and a condenser where the latter is consisted of an array of 
4832 PVC tubes that vertically intercepts the moist air stream. The amount of freshwater produced 
by the SWGH is 300.000—600.000 L/d, which is relatively lower than the amount needed to meet 
the irrigation demand (1000.000 L/d) due to the ineffectiveness of the existing condensation unit 
(Al-Ismaili, 2003; Pahlavan et al., 2011; Fadel et al., 2013). The condenser represents 2096 of the 
total capital cost of the SWGH in Oman and requires frequent maintenance (Al-Ismaili and 
Jayasuriya, 2016). 

The overall efficiency of the SWGH is determined by the performance of the condenser (Davies 
and Charlie, 2004; Dawoud et al., 2006; Zurigat et al., 2008; Ghaffour et al., 2015). Several 
condenser designs and improvements were proposed by many researchers (Al-Khalidi et al., 2010; 
Mahmoudi et al., 2010; Hajiamiri and Salehi, 2013), such as the plate channel condenser, the 
passive condenser, the vibrating plastic surface condenser and the direct contact condenser. 

Direct contact dehumidification (DCD) is an innovative process that is proposed to improve the 
effectiveness of the SWGH condenser to produce more freshwater and to meet the irrigation 
demand of the SWGH (Zamen et al., 2013). The idea behind the DCD concept is to produce 
freshwater from saline-water through an HDH process. The DCD system consists of two major 
parts (a humidifier and a condenser) where the stream of moist hot air from the humidifier comes 
into a direct contact with the cool freshwater in the dehumidifier for condensation. Direct contact 
(DC) condensers are superior to indirect contact condensers in terms of having a simpler design, 
low-cost investment, ease of operation and maintenance, less heat transfer resistance due to the 
large surface area of the packing material, less pressure drop, higher water and energy recovery and 
leakage-free, corrosion-free and long-lasting material (Sideman and Moalem-Maron, 1982; 
Nawayseh et al., 1999; Eslamimanesh and Hatamipour, 2009; Mehrgoo and Amidpour, 2012; 
Zamen et al., 2013; Niroomand et al., 2015). 

Figure 2 shows a schematic diagram of the DCD system. In the SWGH, the condenser and the 
second evaporator (Fig. 1) will be replaced by a humidifier and a dehumidifier that are filled with 
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packing material. In the packed-type DCD system, hot seawater from the solar heater is sprayed on 
top of the packing material of the humidifier, and relatively cold freshwater is re-circulated in the 
dehumidifier. As the moist hot air enters the dehumidifier and encounters the cold freshwater, the 
water vapor undergoes a direct condensation process on the surface of the packing material of the 
dehumidifier. The movement of mass and heat in the humidifier is from the water to the air while 
it is vice versa in the dehumidifier. 


Water solar heater 
Hot water tank 


ater production (overflow) 


Fig. 2 Schematic diagram of the experimental setup of the packed-type direct contact dehumidification (DCD) 
system. Red arrows, hot water cycle; blue arrows, cold water cycle. 


Zamen et al. (2013) theoretically examined the DCD system via a simulation model using a finite 
difference method that simulated the humidifier and the dehumidifier units and estimated the 
amount of freshwater that can be produced on any day of the year. Polypropylene with a specific 
surface area of 320 m?/m? was used as a packing material in the humidifier and the dehumidifier. 
Simulation results showed that the optimal height for the dehumidifier is 0.65 m, and if the height 
exceeds 0.65 m, an inversion area will be formed, in which evaporation will take place instead of 
condensation. Moreover, the optimal velocity of air flow into the HDH unit was calculated to be 
0.16 m/s when the inlet water temperatures between 40.0°C and 60.0°C, and the DC condenser was 
claimed to successfully produce freshwater between 6.0x10? and 22.0x10? L/(d-hm?). 

Several studies (Al-Khalidi et al., 2010; Zamen et al., 2013; Al-Ismaili et al., 2018) have found 
that freshwater production of the SWGH condenser is affected by various parameters, including 
inlet air temperature of the humidifier, air mass flowrate of the humidifier, inlet water temperature 
of the humidifier, water mass flowrate of the humidifier, inlet water temperature of the dehumidifier 
and water mass flowrate of the dehumidifier. 

This study conducted the first trial to the packed-type DCD system in the SWGH and 
investigated its capacity in producing freshwater at low costs, simple design and high efficiency by 
using the input data collected from the SWGH in Oman. This study also explored the impact of the 
manipulating six operational variables (i.e., inlet air temperature of the humidifier, air mass 
flowrate of the humidifier, inlet water temperature of the humidifier, water mass flowrate of the 
humidifier, inlet water temperature of the dehumidifier and water mass flowrate of the 
dehumidifier) on freshwater condensation rate. 


2 Materials and methods 


2.4 Direct contact dehumidification (DCD) system and experimental design 


The design of the proposed crossflow DCD system was developed on the basis of the study of 
Zamen et al. (2013) and the wind tunnel specification was as described by Liao and Chiu (2002). 
The designed DCD system (Fig. 3) was assembled in the Agricultural Experiment Station of Sultan 
Qaboos University, Oman. The humidifier and the dehumidifier were filled with cellulose pads (0.6 
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mx0.6 mx0.6 m). Two acrylic water compartments were placed on top of the humidifier and the 
dehumidifier. A number of 2-mm size holes were drilled in the bottom of the acrylic water 
compartments to allow a uniform seepage of water to the pads of the humidifier and the 
dehumidifier. 


Air flow direction (a) 


500 cm 1000 cm 600 cm 150cm  600cm 600 cm 
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Fig. 3 Two-dimension design (a) and layout (b) of the direct contact dehumidification (DCD) system. T1-T7, 
thermocouple sensors; RHT1-RHT3, relative humidity and temperature sensors. 


Inlet water temperature, air temperature and relative humidity in the DCD system were 
monitored using dual relative humidity and temperature sensors and T-type thermocouples. Inlet, 
middle and outlet relative humidity values were measured using relative humidity and temperature 
sensors. The measurements were recorded using a data-logger at an interval of 2 s and averaged 
every 10 s. A digital anemometer was used to measure air speed through the condenser, and the 
amount of freshwater was measured manually at the end of each experiment using a graduated 
cylinder. Technical specifications of instruments are given in Table S1. 

In the experimental work, the water mass flowrate changed with the change of pump capacity, 
while the air mass flowrate varied with the change of fan capacity. The air mass flowrate was 
obtained by calculating the weighted average of the air speed from the fan inlet that was divided 
into four circles. The volumetric flowrate was then calculated by multiplying the area of each circle 
by the corresponding air speed, and eventually the mass flowrate was obtained using the air density. 
Zamen et al. (2013) reported that the optimal air velocity for the maximum freshwater production 
was 0.16 m/s, noting that this value lays between the two air velocities used in this experiment 
(high air velocity value of 0.27 m/s and low air velocity value of 0.11 m/s). 

The mass flowrate of hot and cold water was manually measured using a 5 L empty bucket and 
a stopwatch. The pumps were operated at maximum capacity for high water mass flowrates and at 
half capacity for low water flowrates. Measurements were repeated three times and then the average 
values were obtained (Table 1). 

We selected the values of water temperature, air temperature and relative humidity based on 
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historical data obtained from the existing SWGH in Oman in 2005 (Figs. 4—6). Summer data were 
considered because large amounts of freshwater are needed in summer and weather conditions are 
unfavorable for greenhouse cultivation. Then, the daily maximum and minimum values of the 
weather and operating parameters were obtained and used as much as possible in the experiments. 


Table 1 Experimental values (high and low) of the six operational variables used in this experiment 


Effect Mwh (kg/s) Mwa (kg/s) Ma,h (kg/s) Twn (°C) Twa (C) Tain (°C) 
High 0.27 0.15 0.04+0.01 50.0+5.0 31.0+5.0 28.0+3.0 
Low 0.19 0.13 0.02+0.01 35.0£5.0 24.0+5.0 23.0+3.0 


Note: myn, water mass flowrate of the humidifier; mwa, water mass flowrate of the dehumidifier; man, air mass flowrate of the humidifier; 
Twn, inlet water temperature of the humidifier; Twa, inlet water temperature of the dehumidifier; T; in, inlet air temperature of the humidifier. 
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Fig.4 Typical 3-d water temperature data of the SWGH as recorded in May 2005 (Bait-Suwailam and Al-Ismaili, 
2019) 
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Fig. 5 Typical 3-d air temperature data of the SWGH as recorded in May 2005 (Bait-Suwailam and Al-Ismaili, 
2019) 


— In the humidifer  — In the dehumidifier Out the dehumidifier 


Relative humidity (%) 
~ 
=) 


30 
PH PF GHP PAP PP PP PGF A A PF APA A S 
HP HH HP HHH HGF SS HF HGP GP GH HP HP PAP GF 
MP PDP BMH PD PG MP PI Be Hy 
Time 
Fig.6 Typical 3-d relative humidity data of the SWGH as recorded in May 2005 (Bait-Suwailam and Al Ismaili, 
2019) 
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Table 1 shows the high and low values of the six variables used in the experiments. Full factorial 
experiments with a combination of high and low values for each of the six operational variables 
were conducted (i.e., 2°=64) as detailed in Table S2. Full factorial of experiments was performed 
not only to investigate the effect of each variable on water production, but also to explore the 
interactions among these variables. All the experiments were conducted between 09:00 and 18:00 
(LST) in summer of 2019. 

The first trial experiments were operated for 30 min followed by a 30-min waiting time, and then 
the operation time (30 min) was reduced to 15 min with a waiting time of 30 min, and eventually 
to 10 min followed by a 30-min waiting time. When the experiments were operated for 30 and 15 
min, the temperature of the cold water in the dehumidifier increased to a temperature higher than 
the dew point temperature of the incoming moist air from the humidifier and hence, evaporation 
occurred in the dehumidifier instead of condensation. However, during the 10-min experimental 
period, the temperature of the cold water in the dehumidifier remained below the dew point 
temperature and therefore, this time interval (10 min) was selected to run all the experiments 
followed by a 30-min water collection cycle. In the real SWGH, the DC condenser can be operated 
for hours because the cold water can be continuously supplied to the condenser from the first 
evaporative cooler as long as the system is operating. Whereas in these experiments, the operating 
time was limited due to the unavailability of continuous supply of the cold water to the 
dehumidifier. 


2.2 Statistical analyses 


The index "gained output ratio" (GOR) was used to evaluate the performance of the HDH cycle 
with respect to the thermal energy consumption. The gained output ratio compares the amount of 
freshwater (Mfresh, L) produced with the amount of steam (Msteam, L) consumed, as follows (Tonner, 
2008): 


GOR =M esh ne 2 (1) 


In the statistical analysis, Minitab statistical software was used to investigate the relationships 
among the six independent variables, and the possible interactions between each other and the 
dependent variable. The confidence level was set at 95% and the significance level was 0.05. 
Regression test was used to determine the variables and interactions that significantly contribute to 
freshwater production. Analysis of variance (ANOVA), coefficient of determination (R?), 
regression coefficients and factorial plots were used to interpret the results. The response optimizer 
was another useful tool in Minitab statistical software used to investigate the best experiment 
combination that contributes to the maximum freshwater production. The Pareto chart of the effects 
was developed to illustrate all the significant variables and interactions among the six variables. 


3 Results and discussion 


In all experiments, the temperature of the dehumidifier was lower than the dew point temperature 
of the moist air, indicating that condensation was feasible. This was manifested with freshwater 
ranged between 0.257 and 2.590 L at the 10 min intervals in all experiments. Therefore, increasing 
the operating interval of the DC condenser would increase freshwater production when all limiting 
factors are kept constant. Detailed freshwater production of all experiments is given in Table S2. 

Although Zamen et al. (2013) reported that the maximum height of the dehumidifier should not 
exceed 0.65 m, it seems that there is still a room to increase the height since the gap between the 
dew point and the coolant temperature was maintained till the end of the 10-min experiments. 
Therefore, further studies need to be performed to determine the optimum height of the 
dehumidifier and its impact on freshwater production. 


3.1 Statistical analysis of the experiments 


Figure 7 shows the Pareto chart for the significant variables and interactions based on decreasing 
level of significance. The R? was 0.651, which indicates that the significant variables and 
interactions contributed to about 65.196 of the variability in freshwater production, whereas the 
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adjusted R? was 0.620. Table 2 shows the F test and P values of the significant effects. The model 
F test value of 21.60 shows that the selected independent variables contributed to a significant 
amount of variance in freshwater production and that the overall model is good. Variables and 
interactions with P«0.05 are considered to have significant effects on freshwater production. 
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Fig.7 Pareto chart of the standardized effects when only the significant variables and interactions were included 
(P=0.05). mwh, water mass flowrate of the humidifier; mwa, water mass flowrate of the dehumidifier; maj, air mass 
flowrate of the humidifier; Twn, inlet water temperature of the humidifier; Twa, inlet water temperature of the 
dehumidifier; Tain, inlet air temperature of the humidifier. 


Table2 Analysis of variance (ANOVA) of the significant effects of the six selected variables and their interactions 


Item F value P value 

Model 21.60 0.000 

Linear 46.71 0.000 

Tus 10.52 0.002 

Tain 82.89 0.000 

3-way interactions 4.35 0.041 
Mwa” Tuh” Twa” 4.35 0.041 
5-way interactions 5.11 0.009 
MynX Mwa” Twn” TwaXTa,in 5.55 0.022 
Mwa” Ma nX TwhX Twa Tain 4.67 0.035 


Note: * means that this combination shows the interaction among the variables rather than a mathematical multiplication of their real 
values. myn, water mass flowrate of the humidifier; mwa, water mass flowrate of the dehumidifier; man, air mass flowrate of the humidifier; 
Twn, inlet water temperature of the humidifier; Twa, inlet water temperature of the dehumidifier; T; in, inlet air temperature of the humidifier. 


Table 3 illustrates the regression coefficients for the effective variables and interactions. The 
coefficient values indicate the result of the increase in one unit of each effect and the corresponding 
impact on freshwater production. The sign of each effect implies whether the relation is directly 
(positive value) or inversely (negative value) proportional to freshwater production. Among the 
two significant variables, the inlet hot water temperature of the humidifier had a positive impact on 
freshwater production, while the inlet air temperature of the humidifier had a negative influence on 
freshwater production. Among the interactions, the 5-way interactions had a negative impact on 
freshwater production while the 3-way interaction had a positive impact on freshwater production. 

As can be seen from Table 3, one unit increase in the inlet air temperature of the humidifier will 
result in a decrease of 0.400 L freshwater production, which is due to the small gap (small 
temperature gradient) between the inlet air temperature and the hot water temperature of the 
humidifier (Eslamimanesh and Hatamipour, 2009). The inlet air temperature and the hot water 
temperature of the humidifier had the greatest impact on freshwater production (P values of 0.000 
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and 0.002, respectively), in which the increase in one unit of the hot water temperature of the 
humidifier will result in the increase in freshwater production by 0.140 L. This is because the 
increase in the hot water temperature of the humidifier would lead to more water evaporation and 
some of the sensible heat along with latent heat (moisture) will transfer from the water to the air. 
Consequently, this will lead to an increase in the temperature and moisture content of the air, thus 
increasing the temperature gap between the incoming airflow and the coolant, i.e., more freshwater 
production (Al-Khalidi et al., 2013). 


Table 3 Regression coefficients for the significant variables and interactions 


Item Coefficient 
Constant 1.1814 
Tas 0.1435 
Tin —0.4026 
myaX Twn” Tua 0.0923 
myyXmyaX Tun X TwaX Tuin —0.1041 
Mwa” Man” Twn” Twa% Tain —0.0955 


Note: * means that this combination shows the interaction between the dummy variables rather than a mathematical multiplication of their 
real values. mwh, water mass flowrate of the humidifier; mwa, water mass flowrate of the dehumidifier; may, air mass flowrate of the 
humidifier; Tn, inlet water temperature of the humidifier; Twa, inlet water temperature of the dehumidifier; T, in, inlet air temperature of 
the humidifier. 


In the SWGH, the temperature of the air increased as the air approaches the second evaporator 
due to the solar heat input. Therefore, the inlet air temperature of the humidifier can be practically 
decreased by decreasing the length of the greenhouse (wide and shallow) or moving the DC 
condenser closer to the first evaporative cooler. Previous studies reported that the shallow and wide 
SWGH can produce more freshwater compared to the long and narrow SWGH (Goosen et al., 2001; 
Sablani et al., 2005). Only few practices can be done to increase the inlet water temperature of the 
humidifier, such as using a solar water heater with small diameter pipes and increasing the length 
of the solar heater pipes. 

We basically used the response optimizer analysis to find the optimal combination of the six 
independent variables to maximize freshwater production to reach 1000.000 L/d (as a target), which 
meets the irrigation demand of the current SWGH. It was found that the optimal combination to 
collect 1000.000 L of freshwater per day was when all the variables were at a high mode and the 
inlet air temperature of the humidifier was at a low mode. Tables 4 and 5 show the goal and optimal 
combination for maximizing freshwater production including all the six operational variables. 


Table4 Response optimizer tool with the goal of maximizing freshwater production 


Response Goal Lower Target Upper 


Total freshwater production 


(L/d) Target 1.542 1000.000 1100.000 


Table 5 Optimal variable combination that contributes to the maximum freshwater production and the fitted 
production value 


Total fitted freshwater production 
(L/10 min) 


1 1 1 1 il =i 2.08848 


Mwh Mwd Ma,h Tun Ts Tias 


Note: The value of 1 denotes the high level of each variable while the value of —1 denotes the low level of each variable. myn, water mass 
flowrate of the humidifier; mwa, water mass flowrate of the dehumidifier; man, air mass flowrate of the humidifier; Twn, inlet water 
temperature of the humidifier; Twa, inlet water temperature of the dehumidifier; Tain, inlet air temperature of the humidifier. 


Figure 8 illustrates the optimal experiment combination that contributes to the production of the 
desired 1000.000 L/d of freshwater. The slope of the graph indicates the extent of the effect on 
freshwater production, and the direction of the line shows whether the effect has a positive or 
negative impact on freshwater production. The inlet air temperature of the humidifier had a strong 
negative impact on freshwater production, while all other variables had a significant positive impact 
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on freshwater production except the mass flowrate of the inlet air and the mass flowrate of the hot 
water of the humidifier, which have a relatively weak positive impact on freshwater production. 


mon moa m. rum T, Ts 
High 1 1 1 1 1 1 
Current [1] [1] [1] [1] [-1] 


Low -1 -1 -1 -1 


Total water E / = 
target: 1000.000 L/d “ Fi -— 


Fig.8 Optimal combination that contributes to the maximum freshwater production. The value of 1 denotes the 
high level of each variable while the value of —1 denotes the low level of each variable. Horizontal dashed blue line 
is the x-axis; red vertical line is the y-axis; black line is the slope that shows the impact of the variable on freshwater 
production. mwh, water mass flowrate of the humidifier; mwa, water mass flowrate of the dehumidifier; man, air mass 
flowrate of the humidifier; Twn, inlet water temperature of the humidifier; Twa, inlet water temperature of the 
dehumidifier; Tain, inlet air temperature of the humidifier. 


3.2 Effects of high and low levels of each variable on freshwater production 


A full factorial design of 64 experiments was performed in this study, of which half of them were 
performed in high mode while the others were in low mode. Figure 9 summaries the impact of the 
high (denoted 1) and low (denoted —1) modes of each variable on mean freshwater production, 
which was approximately 1.180 L/10 min. The temperature of hot water of the humidifier had a 
relatively strong positive effect on mean freshwater production, while the inlet air temperature of 
the humidifier had a strong negative effect. In other words, the mean freshwater production 
increases as the temperature of hot water of the humidifier increases. Supplying hotter water to the 
humidifier would mean that the pads will be continuously supplied with hot water and the 
temperature gap between the incoming airflow and the hot water will be maintained, thus more 
freshwater will be produced (Al-Khalidi et al., 2013). 
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Fig.9 Overall effect of the six variables on the mean freshwater production. The value of 1 denotes the high level 
of each variable while the value of —1 denotes the low level of each variable. The effects shaded in grey are 
considered not significant therefore their impacts on the mean freshwater production are not explained. The slope 
of line indicates the strength of the effect on the mean freshwater production. The grey dotted line is the mean 
freshwater production of the 64 experiments, which equals to 1.180 L/10 min. 


Regarding the inlet air temperature of the humidifier, the mean freshwater production rapidly 
decreases as the inlet air temperature of the humidifier increasing. Therefore, sustaining the big 
temperature gap between the incoming airflow and the hot water of the humidifier is crucial to 
produce freshwater. However, as the inlet air temperature of the humidifier increases, the 
temperature gap with the hot water will gradually decrease, which can result in a decrease in the 
overall freshwater production. 
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3.3 Highest and lowest freshwater production 


As mentioned above, the highest volume of freshwater produced was 2.590 L at a 10-min interval. 
The freshwater was collected when the mass flowrate of hot water of the humidifier, air mass 
flowrate and temperature of hot water of the humidifier were high. In this particular experiment, 
some of the important variables were in the optimal conditions for freshwater production based on 
the test of significance, namely, low inlet air temperature of the humidifier, high temperature of hot 
water of the humidifier, and low temperature of cold water of the dehumidifier. Here, the two 
significant variables including the inlet air temperature of the humidifier and high temperature of 
hot water of the humidifier were in optimal conditions for maximizing freshwater production (low 
inlet air temperature of the humidifier and high temperature of hot water of the humidifier to 
maintain the temperature gap between the incoming air and the hot water of the humidifier). 

On the contrary, at high inlet air temperature and mass flowrate of the humidifier, high water 
mass flowrate of the humidifier and high inlet water temperature of the dehumidifier conditions, 
the total freshwater collected was the lowest (0.257 L/10 min). This combination produced the 
lowest freshwater among the 64 experiments, which is due to the combination of six variables that 
were all at their worst conditions for freshwater production and thus adversely impacted freshwater 
production. These results are in alignment with the reported findings in previous studies (Al- 
Khalidi et al., 2010; Zamen et al., 2013; Al-Ismaili et al., 2018). An interactive psychrometric chart 
was used to demonstrate the changes in air temperature, relative humidity and other variables in 
the experiments with the maximum and minimum freshwater production (Fig. 10). 
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Fig. 10 Psychrometric chart for the experiments with maximum (P1, P2 and P3 in yellow) and minimum (P4, P5 
and P6 in red) freshwater production. P1—P6, state points with the combination of temperature, relative humidity 
and humidity ratio. 


In the experiment with the maximum freshwater production, the dry air entered the humidifier 
with a temperature, relative humidity and humidity ratio of 24.8°C, 44.2% and 0.0086 kg/kg, 
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respectively (state point 1, P1; Fig. 10). The sensible heat and moisture from the evaporation of 
water in the hot water cycle enriched the incoming air and raised the temperature, relative humidity 
and humidity ratio to 38.5°C, 100.0% and 0.0448 kg/kg, respectively (P2; Fig. 10). As the moisture- 
rich hot air from the humidifier came in contact with the cold water circulating in the dehumidifier, 
condensation occurred on the packing material surface and a condensate of 2.590 L was collected 
in 10 minute interval. The outlet air temperature, relative humidity and humidity ratio were 35.8°C, 
88.6% and 0.0337 kg/kg, respectively (P3; Fig. 10). Theoretically, for condensation to occur, state 
points P2 and P3 must have a relative humidity of almost 100.0%, but it is clear that the outlet 
relative humidity dropped to 88.6%. In this experiment, different variables aided in maximizing the 
freshwater production, including the low inlet air temperature of the humidifier, low cold water 
temperature of the dehumidifier, high hot water temperature of the humidifier and high hot water 
mass flowrate of the humidifier, as these four variables are the optimal in terms of maximizing 
freshwater production based on the test of significance. 

In the experiment with the minimum freshwater production, hot and dry air entered the 
humidifier with the temperature, relative humidity and humidity ratio of 26.3°C, 54.1% and 0.0116 
kg/kg, respectively (P4; Fig. 10). As evaporation occurred in the first evaporative cooler, these 
values increased to 30.9°C, 100.0% and 0.0287 kg/kg, respectively (P5; Fig. 10). The moisture- 
rich air from the humidifier then came in contact with the cold water circulating in the dehumidifier, 
and condensation occurred on the surface of the packing material, resulting in a condensate 
collection of 0.257 L/10 min and a decrease of air temperature by 1.9°C. The outlet air temperature, 
relative humidity and humidity ratio were 29.0°C, 94.6% and 0.0242 kg/kg, respectively (P6; Fig. 
10). In this experiment, air entered to the dehumidifier with temperature and moisture (P5) was 
much less than that in the experiment with the maximum freshwater production (P2), which 
explains the variation in freshwater production. 

In both experiments, the outlet relative humidity was below 100.0%. Theoretically, for 
condensation to be successful, P2 and P3 in the maximum freshwater production, and P5 and P6 in 
the minimum freshwater production have to stay on the saturation line. Only few measures can be 
taken to increase the outlet relative humidity, e.g., decreasing the air mass flowrate to an optimal 
level without affecting the freshwater production and increasing the mass flowrate of cold water of 
the dehumidifier. Table 6 shows the detailed moist-air properties for each state point in the 
experiments with the maximum and minimum freshwater production. 


Table 6 Values of different variables for each state point in the psychrometric chart of the experiments with the 
maximum and minimum freshwater production 


Variable P1 P2 P3 P4 P5 P6 
Dry bulb temperature (°C) 24.8 38.5 35.8 26.3 30.9 29.0 
Wet bulb temperature (?C) 16.8 38.5 34.0 19.7 30.9 28.3 
Dew point (°C) 11.8 38.5 33.6 16.3 30.9 28.0 
Relative humidity (%) 44.2 100.0 88.6 54.1 100.0 94.6 
Humidity ratio (kg/kg) 0.0086 0.0448 0.0337 0.0116 0.0287 0.0242 
Enthalpy (J/kg) 46.8 153.9 122.5 56.0 104.5 91.0 
Density (kg/m?) 1.179 1.104 1.120 1.171 1.142 1.152 
Specific volume (m?/kg) 0.856 0.947 0.923 0.864 0.901 0.889 
Pressure (Pa) 101,325 101,325 101,325 101,325 101,325 101,325 
Airflow (m3/h) 122 122 122 122 122 122 


Note: P1—P6, state points with the combination of temperature, relative humidity and humidity ratio. 


The maximum freshwater production (2.590 L/10 min) was correlated with the gained output 
ratio of 2.32, while the minimum freshwater production (0.257 L/10 min) was associated with the 
gained output ratio of 0.56. Both gained output ratio values were higher than the value (0.53) 
reported by Xu et al. (2020) for another HDH cycle. It should be noted that the higher gained output 
ratio values indicate that the HDH system involves less steam consumption, i.e., less operating 


JOURNAL OF ARID LAND 2021 Vol. 13 No. 4 


costs. Therefore, the HDH cycle at the maximum freshwater production is more efficient in terms 
of operating costs. 


3.4 Comparison among the three seawater greenhouse (SWGH) condensers 


The SWGH in Oman is a crossflow indirect contact condenser that is made of plastic pipes with 
dimensions of 1.9 mx0.8 mx15.0 m, which can produce freshwater of about 300.000 L in 14 h. The 
condenser has a complex design by means that it has 4832 plastic pipes and 604 manifolds and 
requires continuous maintenance. Based on simulation model, Zamen et al. (2013) proposed to use 
the DC condenser with dimensions of 0.6 mx0.6 mx0.6 m to produce 450.000 L of freshwater per 
day. In this study, a DC condenser was developed with the dehumidifier dimensions of 0.6 mx0.6 
mx0.6 m, which can produce as high as 2.590 L of freshwater in 10 min (217.560 L/d). 

In the literature of Zamen et al. (2013), there was no information mentioned regarding the time 
interval of freshwater collection and the day of the year where the experiments were conducted. 
Therefore, the following assumption was made for comparison. Specifically, we assumed that it 
will take 14 h (June daytime length) for the maximum freshwater production (450.000 L/d). Table 
7 summaries the specifications of each of the three condensers. Based on the total freshwater 
produced per unit volume of the condenser, it is clear that the DC condenser mentioned by Zamen 
et al. (2013) produced the highest amount of freshwater every 10 min. However, this production 
was based on simulation results without experimental verification. In addition, freshwater produced 
from the three condensers was at different input variables such as mass flowrate of air, hot water 
and cold water, and the temperature of air, cold water and hot water. 


Table7 Specification of the three comparable condensers 


Dine emra (DO) Old plastic condenser (data ^ Direct contact dehumidification 


RD source of Al-Ismaili et al. (DCD) condenser (data source 
(2019)) of Zamen et al. (2013)) 
Mode of freshwater collection Experimental Experimental Simulation 
Maximum cee production 2.590 300.000 450.000 
Condensate collection period 10 min 14h 14h 
Condenser volume (m?) 0.216 22.800 0.216 
Freshwater produced per unit 11.990 0.158 24.800 


volume (L/(10 min-m?)) 


Comparing the two experimental studies, freshwater produced from the DC condenser is 
relatively higher than that from the old plastic condenser by 75.9 times, which emphasizes that the 
DC condenser in this study is very efficient and promising in producing freshwater for the SWGH 
due to its relatively small size, simple design and high freshwater production. By highlighting the 
different advantages of the DC condenser with the plastic condenser, it is advisable to replace the 
plastic condenser of the existing SWGHs in Oman with the DC condenser. 


4 Conclusions 


This study provided the first experimental trial to evaluate the performance of the proposed packed- 
type DCD system for the SWGH application. Based on the statistical analysis, the significant 
variables that highly contributed to water production in the DCD system were the inlet air 
temperature and inlet water temperature of the humidifier. The maximum freshwater production 
was 2.590 L (10 min) that was collected when the mass flowrate of hot water of the humidifier, the 
mass flowrate of inlet air and the temperature of hot water of the humidifier were at high levels; 
while the minimum freshwater production was 0.257 L (10 min) that was collected when the mass 
flowrate of cold water of the dehumidifier and the temperature of hot water of the humidifier were 
at low levels. For the maximum and minimum freshwater production, the gained output ratio was 
2.32 and 0.56, respectively. This indicates that the DC condenser was efficient in terms of operating 
costs at the maximum freshwater production. 

The height of the dehumidifier can be increased to some extent since the coolant temperature 
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was higher than the inlet dew point temperature in all experiments. The comparison between the 
high and low levels for each of the six variables in the 32 pair of experiments revealed that the inlet 
air temperature of the humidifier had the highest negative impact on freshwater production while 
the temperature of hot water of the humidifier had a relatively strong positive effect on freshwater 
production. The new packed-type DCD system is more efficient in producing freshwater compared 
to the old plastic condenser, as it can produce about 75.9 times more freshwater for the same 
condenser volume. 

We therefore highly recommended to investigate other possible variables that can affect 
freshwater production in the DCD system over a wider range of inputs. In addition, it is worthwhile 
to optimize the height of the current condenser design and to study the potential of using different 
packing materials with the focus on the locally available materials. 
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Appendix 
Table S1 Technical specification of the instruments used in the study 
Instrument Model Measurements range Accuracy 
Digital anemometer BEE OMEGA, liven 0.2-5.0 m/s +5% 
of China 
T-type thermocouple PU P OMEGA: 0.0°C-260.0°C +2% 


Relative humidity and 


temperature sensor 


096—10096 for relative 
HMP155, VAISALA, Finland humidity and —80.0?C—60.0?C 
for temperature 


+2% for relative humidity 
and +0.2°C for 
temperature 


Table S2 Production of freshwater from all 64 experiments with the high and low values of each variable 


Measured Measured 
Experiment (s e us: bin Tw, Twa Tain production production 
gs) — (kgs) (kgs) CC) CC) Com E. 
1 0.19 0.15 0.04+0.01 50.0+5.0 24.0+5.0 23.0+3.0 0.970 5.820 
2 0.27 0.15 0.04+0.01 50.0+5.0 24.0+5.0 23.0+3.0 1.800 10.800 
3 0.27 0.15 0.02+0.01 35.0+5.0 31.0+5.0 23.043.0 1.090 6.540 
4 0.27 0.15 0.02+0.01 50.0+5.0 24.0+5.0 23.043.0 2.300 13.800 
5 0.19 0.13 0.04+0.01 50.0+5.0 31.0+5.0 23.0+3.0 1.520 9.120 
6 0.27 0.13 0.04+0.01 35.0+5.0 31.0+5.0 23.0+3.0 2.362 14.172 
7 0.27 0.13 0.04+0.01 50.0+5.0 31.0+5.0 23.043.0 1.200 7.200 
8 0.27 0.13 0.02+0.01 35.0+5.0 24.0+5.0 28.0+3.0 0.590 3.540 
9 0.19 0.15 0.04+0.01 35.0+5.0 31.0+5.0 23.0+3.0 1.380 8.280 
10 0.19 0.13 0.02+0.01 35.0+5.0 31.0+5.0 23.0+3.0 1.152 6.912 
11 0.19 0.13 0.04+0.01 35.0+5.0 31.0+5.0 28.043.0 0.674 4.044 
12 0.27 0.15 0.04+0.01 50.0+5.0 31.0+5.0 23.0+3.0 2.209 13.254 
13 0.19 0.13 0.02+0.01 50.0+5.0 31.0+5.0 23.0+3.0 2.249 13.494 
14 0.27 0.13 0.02+0.01 35.0+5.0 31.0+5.0 28.0+3.0 0.617 3.702 
15 0.27 0.15 0.02+0.01 35.0+5.0 24.0+5.0 23.043.0 2.373 14.238 
16 0.27 0.15 0.04+0.01 50.0+5.0 31.0+5.0 28.043.0 1.415 8.490 
17 0.19 0.15 0.04+0.01 50.0+5.0 24.0+5.0 28.0+3.0 0.485 2.910 
18 0.27 0.13 0.02+0.01 50.0+5.0 31.0+5.0 23.0+3.0 1.570 9.420 
19 0.27 0.13 0.02+0.01 35.0+5.0 24.0+5.0 23.043.0 1.513 9.078 
20 0.27 0.13 0.02+0.01 35.0+5.0 31.0+5.0 23.043.0 0.874 5.244 
21 0.19 0.15 0.02+0.01 35.0+5.0 31.0+5.0 23.0+3.0 1.041 6.246 
22 0.19 0.15 0.04+0.01 35.0+5.0 31.0+5.0 28.0+3.0 0.630 3.780 
23 0.19 0.13 0.04+0.01 50.0+5.0 24.0+5.0 23.0+3.0 1.920 11.520 
24 0.27 0.13 0.04+0.01 50.0+5.0 24.0+5.0 23.043.0 2.590 15.540 
25 0.19 0.15 0.02+0.01 50.0+5.0 31.0+5.0 23.0+3.0 1.836 11.016 
26 0.19 0.15 0.04+0.01 50.0+5.0 31.0+5.0 23.0+3.0 1.760 10.560 
27 0.19 0.13 0.02+0.01 50.0+5.0 24.0+5.0 23.0+3.0 1.631 9.786 
28 0.19 0.13 0.02+0.01 50.0+5.0 31.0+5.0 28.0+3.0 1.067 6.402 
29 0.27 0.15 0.02+0.01 50.0+£5.0 31.0+5.0 23.0+3.0 1.070 6.420 
30 0.19 0.13 0.02+0.01 35.0+5.0 31.0+5.0 28.0+3.0 0.489 2.934 
31 0.19 0.13 0.02+0.01 50.0+5.0 24.0+5.0 28.0+3.0 1.279 7.674 
32 0.27 0.13 0.04+0.01 35.0+5.0 24.0+5.0 23.043.0 0.940 5.640 
33 0.27 0.13 0.04+0.01 50.0+5.0 31.0+5.0 28.0+3.0 0.851 5.106 
34 0.27 0.15 0.02+0.01 50.0+5.0 24.0+5.0 28.0+3.0 1.366 8.196 
35 0.27 0.13 0.02+0.01 50.0+5.0 24.0+5.0 23.043.0 2.000 12.000 
36 0.19 0.13 0.02+0.01 35.0+5.0 24.0+5.0 23.043.0 125 10.350 


To be continued 
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Experiment 


37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 


Mwh 


(kg/s) 


0.19 
0.19 
0.27 
0.19 
0.27 
0.27 
0.19 
0.19 
0.19 
0.27 
0.27 
0.19 
0.19 
0.27 
0.27 
0.19 
0.27 
0.19 
0.27 
0.19 
0.27 
0.19 
0.19 
0.27 
0.19 
0.27 
0.19 
0.27 


Mwa 
(kg/s) 
0.15 
0.15 
0.15 
0.15 
0.13 
0.15 
0.15 
0.13 
0.15 
0.15 
0.15 
0.15 
0.13 
0.15 
0.13 
0.13 
0.15 
0.13 
0.15 
0.15 
0.13 
0.13 
0.15 
0.15 
0.13 
0.13 
0.15 
0.13 


Ma,h 
(kg/s) 
0.02+0.01 
0.02+0.01 
0.02+0.01 
0.02+0.01 
0.02+0.01 
0.04+0.01 
0.04+0.01 
0.04+0.01 
0.04+0.01 
0.04+0.01 
0.04+0.01 
0.02+0.01 
0.04+0.01 
0.02+0.01 
0.02+0.01 
0.04+0.01 
0.04+0.01 
0.04+0.01 
0.02+0.01 
0.02+0.01 
0.04+0.01 
0.04+0.01 
0.04+0.01 
0.04+0.01 
0.02+0.01 
0.04+0.01 
0.02+0.01 
0.04+0.01 


Twh 
(°C) 
35.0+5.0 
50.0+5.0 
35.0+5.0 
35.0+5.0 
50.0+5.0 
35.0+5.0 
35.0+5.0 
35.0+5.0 
35.0+5.0 
50.0+5.0 
35.0+5.0 
35.0+5.0 
50.0+5.0 
35.0+5.0 
50.0+5.0 
50.0+5.0 
35.0+5.0 
35.0+5.0 
50.0+5.0 
50.0+5.0 
35.0+5.0 
35.0+5.0 
50.0+5.0 
35.0+5.0 
35.0+5.0 
35.0+5.0 
50.0+5.0 
50.0+5.0 


24.0+5.0 
31.0£5.0 
31.0£5.0 
31.0+5.0 
31.0£5.0 
31.0+5.0 
24.0+5.0 
24.0+5.0 
24.0+5.0 
24.0+5.0 
24.0£5.0 
24.0+5.0 
31.0+5.0 
24.0+5.0 
24.0£5.0 
24.0+5.0 
31.0£5.0 
31.0+5.0 
31.0£5.0 
24.0+5.0 
24.0+5.0 
24.0+5.0 
31.0£5.0 
24.0+5.0 
24.0+5.0 
31.0£5.0 
24.0+5.0 
24.0+5.0 


Tain 
CC) 
23.0£3.0 
28.0+3.0 
28.0£3.0 
28.0+3.0 
28.0+3.0 
28.0+3.0 
28.0£3.0 
23.0£3.0 
23.0£3.0 
28.0+3.0 
28.0£3.0 
28.0£3.0 
28.0+3.0 
28.0+3.0 
28.0£3.0 
28.0£3.0 
23.0£3.0 
23.0+3.0 
28.0£3.0 
23.0£3.0 
28.0+3.0 
28.0+3.0 
28.0£3.0 
23.0£3.0 
28.0+3.0 
28.0+3.0 
28.0£3.0 
28.0£3.0 


Measured 
production 
(L/10 min) 


1.423 
1.007 
0.694 
0.620 
1.015 
0.700 
0.720 
1.519 
1.433 
1.065 
0.932 
0.984 
0.648 
0.828 
1.106 
1.007 
0.885 
0.997 
0.830 
1.327 
0.795 
0.432 
0.662 
2.030 
0.515 
0.257 
0.350 
0.290 


Continued 


Measured 
production 
(L/h) 


8.538 
6.042 
4.164 
3.720 
6.090 
4.200 
4.320 
9.114 
8.598 
6.390 
5.592 
5.904 
3.888 
4.968 
6.636 
6.042 
5.310 
5.982 
4.980 
7.962 
4.770 
2.592 
3.972 
12.180 
3.090 
1.542 
2.100 
1.740 


